Abstract In order to obtain lipid producing strain with high-yield, the wild type stain Rhodotorula glutinis was treated by low ion implantation, and optimization of fermentation medium for higher lipid yield was carried out using mutant strain. It was found that the strain had a higher positive mutation rate when the output power was 10 keV and the dose of N ? implantation was 80 9 2.6 9 10 13 ions/cm 2 . Then a high-yield mutant strain D30 was obtained through cid-heating coupling ultrasonic method and lipid yield was 3.10 g/L. Additionally, the surface response method was used to optimize fermentation medium. The three significant factors (glucose, peptone, KH 2 PO 4 ) were optimized using response surface methodology (RSM), and the optimized parameters of fermentation medium were as follows: glucose 73.40 g/L, peptone 1.06 g/L and KH 2 PO 4 3.56 g/L. Finally the fermentation characteristic of high-yield mutation strain D30 was studied, when fermentation time was 10 days, which lipid yield increased to 7.81 g/L. Fatty acid composition of the lipid was determined by GC, and the most represented fatty acids of mutant D30 were C16:0 (11.4 %), C16:1 (5.66 %), C18:1 (49.3 %), and C18:2 (27.0 %).
Introduction
Natural sources of lipid include plants, animals and microorganisms [1] . Traditionally, lipid is produced from plant oils or animal fats. With the increasing population and continued demand for industrial utilization, the plant and animal sources alone cannot meet the total requirement [2] . Therefore, there is currently increased interest in identifying potential new lipid sources for use [3] .
Microbial lipids, known as single cell oils (SCOs) and produced by oleaginous microorganisms including algae, yeast, bacteria and fungi have potential application as new lipid sources. Usually, the fatty acid composition of microbial lipid is similar to that of plant oils [4] . In addition, microbial lipids contain high fractions of polyunsaturated fatty acids and have the potential to serve as a source of significant quantities of transportation fuels [5] . Also, microbial lipid have many advantages, such as short life cycle, less labor required, less affection by venue, season and climate [6] . Thus microbial lipid is a potential alternative lipid resource for production.
As a new mutagenesis technique, low-energy ion implantation was first explored as a new agent for mutation induction in rice. Through 26 years of development, the technique has made much progress and has been widely applied in the breeding of crops, plants and microbes [7] . Ion implanted is characterized by a higher mutation rate and wider mutational spectrum with less damage for the implanted organism, and suggested that a combination of energy deposition, mass deposition and charge exchange of energetic ions will result in genetic damage [8] .
The response surface methodology (RSM) is a combination of mathematical and statistical approaches used for modeling different phenomena and optimizing the experimental results as a function of various parameters [9] . The main advantage of RSM is the reduced number of experimental runs needed to provide sufficient information for statistically acceptable result. It is a faster and less expensive method for gathering research results than the classical method [10] . Therefore, the most extensive applications of RSM are in situations where several input variables potentially influence some performance measure or quality characteristic of the product or process [11] .
The aim of the present study was improving lipid yield of Rhodotorula glutinis. The wild type strain was treated by low-energy nitrogen ions to induce mutations, and obtaining a high-yield mutant strain. Then RSM were employed to optimize fermentation medium components of the mutant strain.
Materials and Methods

Microorganisms
Rhodotorula glutinis 31596, a lipid-producing microorganism, was obtained from China Center of Industrial Culture Collection (CICC).
Media and Cultivation
The compositions of media were listed as follows: medium I, as slant medium, 10 % wort with 2 % agar and 2 % peptone, pH 5.8, sterilized for 30 min at 115°C. Medium II, used for seed culture, 10 % wort with 2 % peptone, pH 5.8, sterilized for 30 min at 115°C. Medium III (g/L), used for lipid fermentation, glucose: 80; peptone: 1.8; (NH 4 ) 2 SO 4 : 1.1; KH 2 PO 4 : 2.5; pH 5.8, sterilized for 30 min at 115°C. Seed culture of the strain was grown aerobically in a 250 mL. Erlenmeyer flask containing 30 mL of the seed medium with shaking at 190 rpm, 28°C for 24 h. Fermentation were performed in 250 mL Erlenmeyer flasks containing 30 mL medium III, with shaking at 190 rpm, 28°C for 96 h. 
Ion Implantation Equipment
Mutagenesis Method
After being aerobic cultured in seed medium. The fresh cultured cells of Rhodotorula glutinis were diluted in sterilized physiological salt solution, and dilution rate is 10 -5 0.1 mL suspension was spread on an empty sterilized Petri dish (90 mm) and desiccated by sterilized air to make a dry membrane of cells. Then, the dishes were put into the sample holder and implanted by nitrogen ion beam under dry and vacuum condition with energy of 10 keV. The dose for implantation ranged from 20 9 2.6 9 10 13 to 120 9 2.6 9 10 13 ions/cm 2 with interval dose 20 9 2.6 9 10 13 ions/cm 2 . At the same time, in order to evaluate the effects of vacuum on mutation, the bacteria of control group without N ? beam implantation were also put into the target chamber.
Mutant Selection [12] After ion implantation, strain of Rhodotorula glutinis were washed out from the plates with sterilized physiological salt solution, then was spread on the plates to isolate highyield lipid producing mutants. The number of colonies was counted to determine the survival ratio. The colonies were transferred to test tubes, then fermentation after seed culture. The positive and negative mutants were calculated, those mutant with high-yield were selected.
Determination of Fatty Acid Composition by GC
The lipid extracted was esterified with KOH-MeOH. Fatty acid composition of the sample was determined using agilent 6890N gas chromatography(GC) equipped with a flame ionization detector and quartz capillary columns DB-WAX(30 m 9 0.25 mm 9 0.25 lm). The carrier gas was nitrogen. The flow rates of air, nitrogen (carrier gas), hydrogen and make-up gas were 400, 1, 40, 30 mL/min, respectively. The split ratio was 1:100. The detector temperature was programmed at 270°C. The injector temperature was set at 250°C. The column temperature was programmed for three stages: 90°C initial temperature, increased to 190°C at 7°C/min and increased to 215°C at 3°C/min, it was then held at 215°C for 10 min. Finally, temperature was increased to 230°C at 20°C/min and held for 5 min.
Results and Discussion
Effect of N
? Implantation on Survival Ratio of Rhodotorula glutinis Low-energy ions was the atoms deprived of some or all electrons, whose energy were lower than 100 keV and the protonic number was more than two. It was well known that the mutagen of N ? has the ability to cause higher mutation frequency and wider mutations spectra than other ions such as Ar ? , H ? , He ? , and it was the most common ion used in ion beam implantation [13] . For ion implantation, mutation frequency and screen efficiency are closely related to the energy and the doses of ions [14] . The mechanism including energy absorption, mass deposition, and charge exchange has been proposed by accumulated evidences in breeding, gene transfer, and cell modification [15] . As was shown in Fig. 1 , Firstly, the survival rate decreased sharply, then decreased slowly with doses in the range of 20 9 2.6 9 10 13 ions/cm 2 and 60 9 2.6 9 10 13 ions/cm 2 . However, the survival rate increased slightly with dose from 60 9 2.6 9 10 13 to 80 9 2.6 9 10 13 ions/cm 2 , and decreased again as the dose exceeded 80 9 2.6 9 10 13 ions/cm 2 . Such a peculiar survival rate curve, indicating the abnormal radiation damage, was regarded as the typical and important mutation effect of ion beam implantation. The shape of survival rate was quite different from the results of other traditional irradiation, such as UV, X-ray or c-ray [16] . This phenomenon could be explained by a reasonable mechanism based on the energy and momentum deposition effect at lower doses and by the charge stimulating effect at higher doses [17] .The low dosage ions only damage and etching of the cell surface, so the survival rate is higher. With the increase in dosage, the superficial injury to the cell becomes serious, and massive free OH radicals and radials cause the survival rate to drop. When they drop to a certain extent (40 9 2.6 9 10 13 , 80 9 2.6 9 10 13 ions/cm 2 ), some kind of internal repair mechanism of the cell such as SOS (error-prone repair) is activated, and the survival rate have a temporary rise. But when the dose is further increased, the cell damage becomes irreparable [18] .
? Implantation on Mutation Rate of Rhodotorula glutinis According to current microbic breeding theory, the highest positive mutation ratio was obtained when the lethal ratio of microorganism ranges from 70 to 80 %.
Mutation ratio of Rhodotorula glutinis related to different doses of N ? implantation are shown in Fig. 2 . In a range of 80 9 2.6 9 10 13 -100 9 2.6 9 10 13 ions/cm 2 , the positive mutation ratio was observed to be higher than the negative mutation ratio, especially when the dose was 80 9 2.6 9 10 13 ions/cm 2 . Out of this range, negative mutation was dominant. Considering both lethal rate and positive mutation rate, 10 keV, 80 9 2.6 9 10 13 ions/cm 2 were chosen as optimal mutation parameters. As a result, D30 was screened. The yield of lipid was as high as 3.10 g/L which increased by 33.05 % (the original strain is 2.33 g/L) when fermentation time was 96 h.
Response Surface Methodology
Response surface methodology (RSM) consists of a group of empirical techniques devoted to the evaluation of relations existing between a cluster of controlled experimental factors and the measured responses, according to one or more selected criteria [19] . Based on the results obtained in preliminary experiments (Fig. 3), Fig. 3 indicated glucose, peptone and KH 2 PO 4 were major variables in the lipid production, but (NH 4 ) 2 SO 4 did not need to add. The carbon source provided energy and necessary carbon skeleton for the growth of strains, the nitrogen source was material (nucleic acids, amino acids, protein, etc.) to constitute cell positive mutation rate negative mutation rate non-mutation rate Fig. 2 Effect of Implantation dose on mutation rate. The positive mutants/the negative mutants were defined as those in which lipid yield was increased/decreased by more than 5 % when compared with the original strain. Between ?5 % and -5 % is defined as nonmutation. The mutation ratio was calculated as the number of either positive or negative mutants divided by the total number of screened mutants and nitrogen metabolites, phosphorus participated in sugar metabolism and energy metabolism. Hence, these variables were selected to find the optimized conditions for higher lipid production using response surface methodology. The range and the levels of the experimental variables investigated in this study are given in the Table 1 Once the variables having the greatest influence on the responses were identified, a 15-run Box-Behnken Design was used to optimize the levels of these variables. The exact values of the three significant factors effecting lipid yield were determined using surface response methodology by Box-Behnken design as given in Table 2 , and after the responses were obtained, they were subjected to multiple nonlinear regression and optimization using the statistical analysis software (SAS9.0). The second-order polynomial models were applied to correlate these variables. The Prob [ |t| was used to evaluate the significance of the models.
The responses in Table 2 were correlated by nonlinear regression using the following full quadratic polynomial model:
Where, Y was the desired response, b i were the coefficients, A, B and C were the three factors. Table 3 lists the associated significant levels obtained from statistical analysis software (SAS9.0). KH 2 PO 4 (g/L) Fig. 3 Effect of variables on oil production The application of response surface methodology yielded the following regression equation which is an empirical relationship between the logarithmic values of lipid yields and test variables in coded unit: The variance analysis (Table 3) indicated that the regression model was significant. Based on the estimated value of partial effects, the interaction s between X1 and X2, X1 and X3, X2 and X3 had significant effects on mass of lipid, especially X1 and X3. The quadratic regression model demonstrated the relation among independent variances and response with accuracy. And according to Table 3 , the linear/quadratic and cross product are all significant that indicated three factors had interaction with each other.
Response surface plots as a function of two factors at a time, maintaining all other at zero levels, are more helpful in understanding both the main and the interaction effects of these two factors. The optimal value of each factor was clearly showed in the three-dimension surface plots (Figs 4, 5, 6 ). Figure 4 showed the response surface plot obtained as a function of glucose concentration versus peptone concentration, while all other variables are maintained at zero level, mass of lipid reached the maximum level around 73.40 g/L glucose and 1.06 g/L peptone. Figure 5 showed the function of glucose concentration and KH 2 PO 4 concentration. According to the plot, the optimal value of glucose concentration and KH 2 PO 4 concentration were near 73.40 and 3.56 g/L, separately. Further numerical analysis of the respond surface using the statistical analysis software (SAS9.0) revealed that the optimal levels of three main factors were: glucose 763.40 g/L, peptone 1.06 g/L and KH 2 PO 4 3.56 g/L.
Validation Experiment
Validation experiment was conducted separately under the optimal conditions. By validation experiment, the maximum yield of lipid production reached 3.41 g/L, and this result was very close to the predicted value of 3.43 g/L, increasing by 10.00 % than original mutant. Therefore, the optimal parameters obtained from the Response surface methodology were valid.
The Fermentation Kinetics of Mutant D30
Strain D30 was cultured under above culture condition in an agitated flask shaking at 190 rpm at 28°C for 11 days observation was carried on per 24 h, three replicates were employed (Fig. 7) . In this paper, Fig. 7 showed that the lipid was accumulating with cell growing from 1 to 10 days. When the culture time was 10 days, the maximum of lipid yield and the biomass was obtained and they were 7.81 and 18.04 g/L respectively, When fermentation time was 10-11 days, pH, lipid yield and biomass were decreased simultaneously. Strain began to autolysis, glucose was almost consumed absolutely, lipid was used as carbon source again. (Fig. 9) . 
Fermention time 
Conclusion
Microbial lipids contain high fractions of polyunsaturated fatty acids that was essential fatty acid to human, and derived from food,. Polyunsaturated fatty acids had the function of losing weight and prevention of cardiovascular disease, antiinflammatory, anti-tumor [20, 21] . At present, polyunsaturated fatty acids were obtained from plant seeds and marine fish, but not met market demand. In order to obtain lipid producing strain with high-yield, the wild stain Rhodotorula glutinis 31596 was treated by low ion implantation, and studied on optimization of fermentation medium. By studying, it was found that the original strain had a higher positive mutation rate when the low ion implantation power was 10 keV and the dose of N ? implantation was 80 9 2.6 9 10 13 ions/cm 2 . The mutant D30 was selected through Acid-heating coupling ultrasonic method. And its yield was as high as 3.10 g/L, increasing by 33.05 % than that of the original. It proved once again that ion beam implantation had higher mutation frequency and was a new mutagenesis technique for mutation induction in oleaginous microorganisms.
Based on preliminary experiments, glucose, peptone and KH 2 PO 4 were found to be major variables in the lipid fermentation production. Response surface methodology was employed to obtain the optimal conditions of lipid production and explain the interaction of independent variances. The model of independent variance and response was established. On the basis of the results of statistical analysis, it has been found that the reduced quadratic models were reasonably accurate (R 2 = 99.67 %). The optimized parameters of lipid production were as follows: glucose 73.40 g/L, peptone 1.06 g/L and KH 2 PO 4 3.56 g/L. Through optimization, the lipid yield of D30 reached to 3.43 g/L, increased by 10.65 % further.
The fermentation kinetics of mutant D30 was also studied, and the biomass was 18.04 g/L and the yield of lipid was 7.81 g/L when fermentation time was 10 days. Furthermore, mutant D30 contained a considerable amount of unsaturated fatty acids.
